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ABSTRACT

The development of high speed air-breathing propulsion technology is dependent in

large part upon the efficient mixing of fuel and air in a supersonic flow environment. Incomplete

mixing of fuel and air will result in less heat release in the combustion process than is potentially

available, thereby reducing overall engine performance. Experimental research of supersonic

reacting flows is difficult to carry out due the complex fluid phenomena which are present as well

as the extremely harsh environment in which experimental models must operate: Computational

research, while circumventing some experimental difficulties, requires the accurate modeling of

these high speed flow phenomena and hence relies upon validation against experimental results.

All too often however, these desired data do not exist at all, do not include the relevant

computational flow parameters or do not accurately address computational cases of interest. This

fundamental research project is undertaken in order to acquire data in a simple coannular He/air

supersonic jet suitable for validation of CFD codes for high speed propulsion. Helium is

employed as a non-reacting hydrogen fuel simulant, constituting the core of the coannular flow

while the co flow is composed of air. The mixing layer interface between the two flows in the near

field and the plume region which develops further downstream constitute the primary regions of

interest, similar to those present in all hypersonic air breathing propulsion systems. A

computational code has been implemented from the experiment's inception, serving as a tool for

model design during the development phase.



ERRATA

Subsequent to the completion of this research it was noted that a design or

manufacturing error occurred which resulted in the centerbody of the nozzle being incorrectly

located with respect to the outer body. The axial distance between the downstream end of the

centerbody (i.e. the end of the nozzle middle contour) and the downstream end of the outer body

with extension cone removed (i.e. the end of the nozzle outer contour) was 5.601 mm rather than

8.408 mm as called for in the design (see Figure 7). This has little effect on the nozzle contour in

the vicinity of the area minimum and the region of supersonic flow downstream of this (except

for the change in length) since the outer nozzle contour is essentially parallel to the axis in this

region. (The radius of the outer contour at the area minimum which would have been 30.064

mm without the shift, is now 30.062 mm and the radius of the outer contour 64.114 mm

downstream of the area minimum, which would have been 30.233 mm, is now 30.224 mm.

These numbers are based on the design contours and the measured error in location and may not

coincide exactly with the actual article.) Thus there is expected to be little effect of this error in

the flow at the nozzle exit. However, because of the way the axial locations of the pitot surveys

were measured, locations reported as 13 mm, 23 rnm, ... 243 mm (measured with respect to the

end of the centerbody) were in fact located 2.8 mm further downstream (i.e. at 15.8 rnm, 25.8

mm .... 245.8 mm). Additionally, axial locations reported in Section 3.1, Nozzle Contours are

similarly in error, and the computational fluid dynamics calculations are for the nozzle as

designed, not the actual geometry.
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1.0 INTRODUCTION

Over the course of the past several decades enormous strides have been made in the

field of high speed propulsion. A common incentive to develop such propulsion systems is for use

in a single stage to orbit (SSTO) successor to the space shuttle. Such a vehicle would need the

capability of sustained cruise in the hypersonic flight regime, that of Mach 5 and greater. A now

commonly held belief is that the use of an airbreathing engine such as the supersonic combustion

ramjet (or SCRamjet) is essential to the success of a future SSTO vehicle. Development of such a

propulsion system will drastically reduce the price per pound of payload delivered to orbit and

dramatically increase access to space.

Rocket propulsion has for quite some time represented a viable solution to this high

speed propulsion problem with one inescapable drawback to their economical use in such an

application. A rocket powered vehicle must carry along with it not only fuel but also oxidizer

required to burn this fuel (which typically accounts for a large percentage of the launch weight),

greatly reducing the available vehicle payload capacity _. A current multi-stage rocket system

weight fraction breakdown includes 65% oxidizer and 24% fuel and in fact, prior to its lift-off for

the moon the Saturn V rocket weighed over 6 million lbf, 4 million lbf of which was composed of

liquid oxygen alone 1. Clearly then, airbreathing engines possess a marked potential advantage

over rocket powered vehicles from an efficiency standpoint. This advantage, however, is

significantly offset by the new technical challenges encountered in the implementation of these

advanced propulsion concepts, many of which have to date not been resolved.

Existing airbreathing engines capable of sustained operation at high speeds (such as

ramjets and their derivatives) require that air injested into the engine be decelerated to subsonic



speedsin orderto facilitate effectivemixing andcombustion.This processresultsin largelosses

in totalpressureandstatictemperaturewhich caneasilyexceedmateriallimits. In addition,these

excessivetemperaturesmayleadto thedissociationof the air itself, furtherreducingthe amount

of energywhich maybereapedin thecombustionprocessif recombinationdoesnot occur.

The scramjet engine has come about in an effort to circumvent many of the

aforementioneddifficulties by maintaining supersonic flow through the entire engine.The

pressurelossesaswell asthethermalandstructuralloadingencounteredasa hypersonicflow is

slowedto subsonicspeeds(as is thecasein the conventional ramjetengine)would begreatly

reducedif theflow remainedsupersonicthroughoutthepropulsionunit. In addition,theserelaxed

designconstraintsallow the expansionof thevehicleoperationalrangeaspreviousthermaland

structurallimitations permit vehicle operationat higherspeedlevels. As the velocity of engine

throughflowincreaseshowever,otherproblems,this time fluid mechanicalin origin, emergeas

thelimiting performanceparameters.

The high speedmixing of fuel and air aswell as its subsequentcombustionhave

emergedasparamounttechnicalissuesyet to be resolved.The sizeof the enginecombustoris

limited by weight restrictions,sothat fuel mustbe mixed andburnedovera very shortphysical

distance.Injection of fuel perpendicularly into a supersonicairstream hasbeenshown to be

efficient. However this configuration canoften lead to unacceptabletotal pressurelosses.In

higheroperationalspeedregimes,thepercentageof overall thrustgeneratedby the fuel injectors

themselvesbecomesan increasinglylarger percentageof the overall thrust_.Orientationof the

injectors in a streamwisedirectionmaximizesthe direct thrust contribution of the fuel injectors

whileadverselyaffectingmixing efficiency of thefuel andair.

Experimentalenginetestingof the aforementionedpropulsionconceptsis

2



notoriouslydifficult andexpensive.Forthisreason,thedevelopmentof computationaltools

capableof accuratelypredictingthesetypesof flows is of greatinterest.Theexperimentwhich

is thesubjectof this thesisis intendedto providedatain asimpleflow which canbeusedto test

andvalidatesuchcodes.In particular,it is the intent to providedatawhichwill testthe

empirically-basedmodelsfor turbulencestressesandmasstransfer(mixing) thattheyuse.Thus,

anaxisymmetriccoannularjet in whichthecenterjet is a light gas(simulatingascramjetfuel),

thecoflow is air, andwhich dischargesintostagnantair is selectedfor this study.Being

axisymmetric,this geometrypresentsfewernumericaldifficulties for codedevelopersand

requiresonly modestcomputerresources,andhaving regionswherethedifferentgasesmix, it

shouldprovideasensitivetestof turbulencemodelingaspectsof thecodes.Sincemuchof the

thesiswork involvedthedesignandmanufactureof thetesthardware,only preliminary testdata

arepresentedhere.This includesfocusingschlierenflow visualizationandpitot probesurveys

of thejet flow field. In thesetests,thecenterjet gaswashelium.

It is anticipated (and the facility was designed with this in mind) that more

sophisticateddiagnostictechniqueswouldbeemployedin future testsutilizing the hardware.In

particular,theRELIEFz flow velocimetry technique will be employed. For these tests, the center

jet gas would be a mixture of 95% helium and 5% oxygen (the gas for which the facility was

designed). In the RELIEF method the oxygen molecules are first tagged by exciting them from

one energy state to another by stimulated Raman scattering. The lifetime of this energy state is

relatively long and, by causing the tagged molecules to fluoresce, the location of these oxygen

molecules can be found at some later time using an Planar Laser-Induced Fluorescence. Knowing

the initial location of the molecules (the tagged line) at the time they were tagged as well as at

some later time, the fluid velocity can be deduced.

Clearly this mixing study neglects the process of combustion as well as its effects on



thefluid flow. Nevertheless,for the sakeof experimental practicality this approach represents a

useful alternative to addressing the entire problem of supersonic combustion and mixing,

allowing focus on the physics of turbulent mixing, absent heat release.

Many aspects taken into account in the design and fabrication of this experimental

model were ultimately driven by the need to provide simple, well defined boundary conditions to

the flow field, and accurate data in the flow field itself. Great care was taken to design and

fabricate a model which would produce a uniform flow at the nozzle exit plane, and for which

both the inner and outer nozzle geometries were accurately defined and manufactured. Steps were

also taken to provide good optical and probe access, so as to ensure high quality data throughout

the jet flow field.



2.0 BACKGROUND

2.1 SUPERSONIC MIXING

The problem of mixing at the interface between two turbulent moving fluid media of

either dissimilar composition or differing speeds (or both) has been the topic of extensive

experimental, computational and analytical research. Supersonic mixing in particular, has been a

focus of many research efforts due to the important role which it plays in the arena of high speed

air-breathing propulsion concepts. In fact, the entire operational premise upon which a supersonic

combustion ramjet is based depends upon the efficient mixing of fuel and air at high speed. The

following survey does not by any means constitute a complete accounting of the work conducted

in this and other related felds. However it does identify several fine examples relevant to the field

of supersonic shear layer mixing.

Many of the most detailed studies of supersonic mixing have concentrated on the 2-D

planar mixing layer between two freestream flows at different velocities (and usually also of

different compositions). Such flows are inherently simpler than axisymmetric jets (in which

mixing occurs with the stagnant surrounding air) or coannular jets (in which mixing occurs

between central and annular jets). This greater simplicity comes about due to the fact that 2-D

planar mixing layers relatively quickly achieve self-similarity, where profiles of flow variables at

subsequent streamwise stations are similar in shape 3. On the other hand, axisymmetric jets have a

nearfield region where there exists a two-stream mixing layer around the jet circumference which

is similar to the 2-D planar mixing layer. Further downstream however, the central core which

consists of pure centerjet fluid disappears due to the mixing layer growth. The region located



downstreamof this point is called theplume. In sofar asthe validation of codesfor a scramjet

engineapplicationis concerned,coannularjet flows areof thegreatestinterest.This is becausein

a scramjet,gaseousfuel (typically a light gassuchashydrogen) is injected as ajet, and the

subsequentfuel - air mixing occursin both two streammixing layersandplumes,althoughplume

regionscomprisethe majorpartof theenginecombustor.

The referencespertinentto thecurrentresearchhavethereforebeendivided into two

distincttechnicalareas:2-Dplanarmixing layers,andaxisymmetricandcoannularjets.

2.2 2-D, PLANAR MIXING LAYERS

The research of Brown and Roshko 4 addressed and subsequently validated the belief

that significant supersonic mixing layer growth rate reduction observed with increasing Mach

number stemmed from flow compressibility effects and not density differences alone. This was

accomplished by studying incompressible mixing layers in which large density differences were

achieved through the use of different gas compositions - such as nitrogen and helium. They

observed that although there was a small effect of density on mixing layer growth rate (the change

in mixing layer thickness with respect to axial distance) in the incompressible case, this effect was

very much smaller in the subsonic case than that found in the corresponding compressible

supersonic case, thus proving the dependence of mixing layer growth rate upon compressibility.

This dependence upon compressibility (in plane shear layers) was further considered

by Bogdanoff s and later by Papamoschou and Roshko 6'7. In this research a natural coordinate

system was established which moves with the large scale turbulent structures present in the shear

layer. Within this system an alternative Mach number, the convective Mach number or M e, is



defined in aneffort to parameterizethe aforementionedeffect of compressibility. The Mc is

definedastheconvectionvelocityof the largescalestructuresin the shearlayer relativeto either

of thefreestreamflows,normalizedby thefreestreamspeedof sound.Citing thepreviouswork of

Brown and Roshko 4, Bogdanoff estimates that the supersonic planar shear layer growth rate drops

to 20% of the incompressible spreading rate for equal velocity and density ratio. Papamoschou

and Roshko 6 observed in schlieren flow visualization experiments a reduction of growth rate by a

factor of 3-4 overall with increasing M c. The rate of reduction of growth rate becomes significant

at around Me=0.5 and then becomes small as M c exceeds 1.0. Bogdanoff attributed this growth

rate reduction at least in part to the decrease in the maximum growth rates of Kelvin-Helmholtz

instabilities.

Later research conducted by Papamoschou and Roshko 7 involved a broadening of the

scope of previous research, studying various combinations of gases at Mach numbers from 0.2 to

4.0. This investigation, however, focused on the use of Pitot-pressure surveys for measurement of

growth rates (as opposed to schiieren measurements used previously). As before, M c was used for

correlating the growth rate. Growth rate was again found to decrease with increasing M c,

asymptotically approaching 20% of the corresponding incompressible growth rate for M c near

unity. This implied that in the convective frame of reference compressibility comes into play

before any shock or expansion waves appear. It was taken to be significant that relative to this

convective frame of reference all velocities are subsonic and potentially dominated by subsonic-

type instabilities (despite the fact that the region is supersonic with respect to ambient).

Furthermore, it was suggested that this is connected to the fact that the shear layer remains

unstable regardless of the magnitude of M c.

The publication of Dimotakis 8 serves as a summary of much of the theory of turbulent



planarmixing layerstouchedonaboveandincludesextensivereferencesectionson thesubjectas

well. In amorerecentwork, Dimotakis9estimatedtheconvectionvelocity of turbulentlargescale

structuresin low Mc supersonicmixing layers.The work wasmotivatedby recentexperiments

suggestingthat convectionvelocitiesof two-dimensionalturbulentstructuresat high convective

Mc aremuchcloserto one of thetwo freestreamflows thanat lower (compressible)ones.The

strengthof shocksgeneratedby theseturbulentstructures(assumedto beborn within themixing

layerandto propagateinto oneof thetwo freestreams)wasobtainedby assumingtheflow, taken

in a referenceframe moving at the convectivevelocity (the Galilean frame of reference),is

stationarywith respectthe large scalestructures.This is to saythat the analysisof Dimotakis is

basedon thetemporalbehaviorof the largescalestructuresin aconvective(Galilean-invariant)

frame of reference.Utilizing shock strengthderived in this stationary frame, the convection

velocitywasestimated(alongwith theMc) by matchingestimatedtotalpressuresat thestagnation

pointsof theturbulentstructurein theconvectiveframe.Convectionvelocity wasclaimedto play

asignificantrole in theprocessof shearlayerentrainmentin thiswork.

As discussed in the work of Clemens and Mungal 1°, recent experiments in

compressibleplanarmixing layer seemto suggestthat theactual flow structureat compressible

Machnumbersundergoesatransitionfrom thelow speedquasi-twodimensional(but turbulent)

spanwisecoherentvortical structuresof Brown andRoshko.Their PlanarLaserMie Scattering

(PLMS)visualizationsindicateatransitionto arelatively randomthreedimensionalstructureas

convectiveMachnumberincreaseto around0.62.PLMS andPlanar-Laser-InducedFluorescence

(PLIF) measurementsalso led them to identify an apparentchangein entrainmentmechanism

with increasedcompressibilityaswell. Changesin the flow structurewereindicatedby a typical

mixture fraction field exhibiting different entrainment motions at differing compressibility



conditions. Flow uniformity observedto be prevalent in the cross-sectionaldirection with a

gradient in the streamwisedirection at Mc= 0.28 was found to exhibit the opposite trend (a

mixture fraction field of greateruniformity in the streamwisedirection and a gradient in the

crossectionaldirection)at Mc=0.62.The mixture fractionstatisticalresults(includingprobability

density functions (PDF) and root mean square(RMS) fluctuations) concur with qualitative

observationandsuggestthatmixture fraction fluctuationsarereducedin magnitudeby increased

compressibilityeffects.



2.3 AXISYMMETRIC FREE AND COANNULAR JETS

This final section is a description of the most relevant studies of axisymmetric jets,

including several early studies of jets in stagnant air (free jets), and then a more comprehensive

review of the coannular jets literature. Some of the earliest studies of the theory of turbulent jets

by Abramovich n et. al. utilized an axisymmetric jet experimental configuration. This research

resulted in characterization of turbulent gas jets in varied configurations including free, confined,

submerged and coflowing jets, wakes behind bluff bodies, and jets confined by solid walls.

The work of Smits and Dussauge 12 serves as a more current summary of the field of

turbulent shear layers in supersonic flow, providing a review of pertinent flow physics in general

and, in several instances, focusing upon axisymmetric free and coannular jets in particular.

The work of Fourguette, Mungal and Dibble 13 was undertaken to investigate the

evolution of the mixing layer of an axisymmetric supersonic free jet in the near field of the nozzle

exit. In particular a comparison was sought of these results obtained employing a non-intrusive

two dimensional laser Rayleigh scattering technique with the aforementioned experimental

results of Papomoschou and Roshko 7. Good agreement was found overall, with the exception of

increased three dimensionality (such as rotated flow structures), visible using the planar Rayleigh

scattering technique 13 but obscured in the schlieren technique 7.

A direct numerical simulation of an axisymmetric free jet was conducted by Freund, Lele

and Moin _4 at a Mach number of 1.92 and results compared to a nearly incompressible simulation

at Mach 0.4. Intended for use in the study of supersonic jet noise, this computation captured flow

features similar to those present in the planar shear layers. It was in part motivated by recent

findings of linear theory which (as do to the previously mentioned experimental results) indicate

10



increased three dimensionality with increasing Mach number as oblique instability modes become

more unstable than the two dimensional modes dominating incompressible flow. The results of

the study were found to indicate negligible dilatation effects in both cases considered and a

suppression of pressure fluctuations in the supersonic case which, it has been suggested, may

suppress growth rate via the effect on the pressure-strain-rate term of the Reynolds stress

transport equation. In addition, a decreased importance of the pressure-diffusion term of the

turbulent kinetic energy transport equation in the supersonic case compared to the subsonic case

was identified. This term acts to transport turbulent kinetic energy into regions of high shear.

Early work pertaining to the area of coannular jets, which examined subsonic and

supersonic jet streams exhausting into a supersonic stream, was conducted by Wilder and

Hindersinn _s. These experimental results were successfully correlated with a simple theoretical

analysis for the prediction of jet spreading which contained coefficients evaluated with the

aforementioned experimental data. In addition, the effects of normal and oblique shock structures

on jet streams were addressed in this research. The most rapid mixing and corresponding breakup

of supersonic jet stream structure came as a result of interaction with a normal shock. Similar

research conducted with oblique shock structures was shown to agree with jet stream contraction

and displacement predictions of 2D plane shock theory.

The next three noted references all contain different works of the same group of

researchers, Gutmark, Schadow and Wilson _6a7as. These works bear significant resemblance to

the present research and hence comprise a good basis for comparison. They considered coaxial

jets where the centerjets were generated by various circular and rectangular nozzles. Cases were

considered both with and without the outer annular coflows. Pitot pressure and gas sampling

probe surveys were obtained in addition to schlieren flow visualization.The compressible growth

11



rate was defined as the axial rate of change of the centerjet mixing layer thickness. Without

coflow this thickness is defined as the radial distance between the point at which the pitot pressure

equals 5% of the value on the centerline and the point at which it equals 95% of the value on the

centerline. The pitot pressure is assumed measured relative to ambient (gauge). With coflow, the

centerjet mixing layer thickness is defined between the point where the pitot pressure equals the

coflow value plus 5% of the difference between the coflow and centerline values, and the point

where it equals the coflow value plus 95% of this difference. For circular centerjets, compressible

growth rate was observed to fall gradually with convective Mach number, reaching a plateau for

Mc>l.4 where the growth rate was 0.2 to 0.3 of the incompressible value. The centerjet changed

its growth rate as a function of axial distance, with a near field transitional region having a

different rate than the fully developed far field region. It was also established that growth rate

comparisons must be based upon the same criteria for width measurement since results based

upon schlieren images, and other criteria based upon the pitot data were all different.

12



3.0 EXPERIMENTAL MODEL

3.1 NOZZLE CONTOURS

As described previously, a model was designed for this study to provide a simple

coannular flow with mixing between the centerjet and coflow and with well defined boundary

conditions. In order that this flow should be fundamentally similar to those mixing flows which

exist in scramjets, the centerjet fluid was a light gas (which has a higher speed of sound than air)

while the coflow was air. The Mach number of both centerjet and coflow was selected to be

about 1.8, which is representative of the Mach numbers of fuel and air in a scramjet combustor

in the low end of the hypersonic speed range. The design calculations assumed that the centerjet

was a mixture of 95% helium and 5% oxygen, as required by the RELIEF velocimetry

technique, although the tests reported here utilized pure helium due to time and economic

constraints. This selection of parameters provided a centerjet velocity greater than that in the

coflow, with convective Mach number (actually, the average of Mcl and Mc2 - see Section 6.3)

in the mixing layer between the centerjet and coflow of about 0.704 for the helium-oxygen

mixture and 0.823 for pure helium, i.e., compressible. Quasi- 1D calculations are used to obtain

values of u 1, u 2, a I , a 2, Pl,P2 as described in Section 4.1.

The model was thus designed to form two nozzles, the coflow nozzle and the

centerjet nozzle (which was within a centerbody, the exterior of which formed part of the coflow

nozzle). These nozzles were designed so as to provide the flow required while maintaining

structural integrity and stiffness. Figures 1 and 2 are plots of the nozzle contours utilized in this

study. The outer and middle contours represent the interior surfaces of the coflow nozzle while

13



the inner contour represents the interior surface of the centerjet nozzle. The area minimum of the

outer nozzle lies at an axial distance of 6.845 inches ( 173.87 mm) and at this point the middle

contour diameter is 1.349 inches (34.26 mm) and the outer contour diameter is 2.367 inches

(60.13 mm); the area minimum of the inner nozzle lies at an axial distance of 9.026 inches

(229.26 mm) and at this point the inner contour diameter is 0.3335 inches (8.47 mm). The exit

plane of the centerjet nozzle lies at an axial distance of 9.370 inches (238.00 mm) and at this

location the inner nozzle diameter is 0.3937 inches (10.000 mm), the middle nozzle diameter is

0.4134 inches (10.500 mm) and the outer nozzle diameter is 2.380 inches (60.47 mm). Note

however that for practical reasons the outer contour does not terminate at this point in the

experimental model - this will be discussed later.

The design of the experimental model began with the specification of the nozzle

contour coordinates. This was done in several stages as outlined below. Firstly, "inviscid"

contours were defined utilizing arbitrary (but smoothly varying) functions in the subsonic and

throat regions and the method of characteristics in the supersonic regions (downstream of the

throats). These calculations were performed previously by Dr. A.D. Cutler and will not be

discussed further. Secondly, the boundary layers were calculated 19 and the inviscid contours

were corrected for the displacement effect of these. Thirdly, the middle contour was modified in

the subsonic region and the inner contour was extended upstream, as dictated by structural and

material requirements. Fourthly, the middle contour was truncated at the downstream end and

the coflow and centerjet nozzle contours were aligned at the exit plane. (The results of these

steps are shown in the previously described Figure 1 and Figure 2.) The final (fifth) step was to

truncate/extend the outer contour. Steps 2 to 5 are described below.

The boundary layer computations were performed for each of the three surfaces
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of the two nozzles (outer, middle and inner contours) using a code 19 which solves the "boundary

layer equations". These are a simplified set of the Navier-Stokes equations (solved directly by

the SPARK FNS code 2° as described in section 5.0) which are valid only in the boundary layer.

The boundary layer calculations assumed turbulent boundary layers throughout, an assumption

that was justified on the following grounds: (i) No special efforts were employed to polish the

surfaces (see Appendix A) or to ensure laminar boundary layers entering the nozzle; indeed the

flow entering the inner nozzle contraction was nearly fully developed turbulent pipe flow. (ii)

Turbulent boundary layer calculations yielded Reynolds numbers based on momentum thickness

which were consistent with turbulent flow (Re o about 1000 at the Re o minimum located just

upstream of the coflow nozzle throat for the outer and middle contours, Re o = 510 at the throat

of the inner nozzle). These calculations require as input on the upstream conditions (which

typically involve a statement that the boundary layer is thin) and a specification of the axial

distribution of pressure at the edge of the boundary layer, results that are derived from

calculations of inviscid, irrotational flow in the nozzles. (Inviscid flow calculations were

performed as part of the nozzle "inviscid" contour design.) The code yields, among other things,

profiles of Mach number at the exit station which are used later for comparison with

computational fluid dynamics calculations (see Chapter 5 and Section 6.3), and the distributions

of displacement thickness (_5"), which are used to correct the nozzle contours for the

displacement effect of the boundary layers. This correction is done either by adding or

subtracting (addition for the outer and inner contours, subtraction for the middle contour) _5" at

each axial location of the nozzle contour to or from the contour radius at that location. This

modification consists essentially of enlarging the nozzle flow passages a small amount with

respect to the original inviscid contours and will yield the final coordinates required to produce
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thedesirednozzleperformancein viscousflow.

Severalmodificationsweremadeto thecontourscalculatedasdescribedabovein

thesubsonicregions.Sincethe"inviscid" contourswerecorrectedwith thedisplacement

thickness(whichvariesin thestreamwisedirection)this led to contourswhichvary slowly in

radiusin regionsin whichthespecifiedinviscid (i.e.,uncorrected)contourradii wereconstant

with axialdistance.(This wasthecasefor theupstreamportionof themiddleandinner

contours.)For easeof manufacturingandsincethecontourshapesin thesesubsonicregionsare

notvery important(providedthecontoursaresmooth),theseradii were again set constant.

Furthermore, machining tolerances (which were very small in the supersonic regions - see

Appendix A) were relaxed in the subsonic regions. Further adjustments were made to provide

sufficient strength and rigidity of the centerbody. The inner nozzle was tapered (moving

upstream) from a diameter of 0.781 inches (19.84 mm) to a diameter of 5/8 inch (15.87 mm) and

the outside diameter of the centerbody was increased from a constant diameter of 1.147 inches

(29.13 mm) to a constant diameter of 1.65 inches (41.91 mm). These two constant diameter

regions were smoothly (continuous slope) joined by a region which was specified with a third

order polynomial function.

The middle contour was truncated at the downstream (supersonic) end to increase

the thickness of the lip between middle and inner contour at the exit plane and to reduce the

thickness of the boundary layer at the end of the middle contour. (Note that the boundary layers

on the middle and inner contours at the exit plane form the part of the initial condition for the

mixing layer which develops between centerjet and the coflow, and they should ideally be thin.)

The outer contour was truncated at an axial location of 9.369 inches (237.98 ram)

to afford the required optical and probe access near the centerjet nozzle exit. The truncation
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point was well downstream of the point at an axial location of 8.86 inches (225 mm) where the

final expansion wave is reflected from this surface and so was in the region of constant surface

Mach number (equal to the exit Mach number). A static pressure tap was located in this region

of constant surface Mach number, upstream of the truncation point at an axial location of 9.119

inches (231.63 mm). In order to extend the outer contour 0.719 inches (18.26 mm) further

downstream when optical or pitot probe access is not required at the "exit" plane, an outer

nozzle exit cone was manufactured to mate to the alignment rim of the outer nozzle exit lip. The

interior diameter (which was constant) was matched to the outer nozzle contour at the truncation

point; care was taken in the manufacture of this component to minimize the discontinuity in

surface at the joint, and hence to minimize the disturbance to the flow. The purpose of the

extension cone was to extend slightly downstream the point at which the free shear layer

between the coflow jet and the ambient air was initiated. Since, for the present purpose (where

we are interested mainly in the mixing between the centerjet and coflow) the useful region of the

coflowing jet field is limited at the downstream end by the growth of this shear layer and also, to

some degree, by waves generated from this shear layer, the extension cone in effect slightly

increases the useful extent of the jet. The extension cone is tapered externally to provide a

smooth merging of entrained ambient air and the coflow jet at the nozzle exit.
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3.2 MODEL ASSEMBLY

In moving from the specification of the nozzle contours to the mechanical design,

various issues in addition to nozzle performance, particularly structural integrity of the model

under the expected pressure loadings were considered. The various components (shown in

Figure 3 through Figure 6), their assembly (shown in Figure 7), and some of these mechanical

design issued are discussed in this section. Manufacturing issues are discussed and detailed

machine drawings presented in Appendix A. Many aspects of mechanical design were carefully

considered both to ensure the structural integrity of the model itself under extreme pressure

loading conditions as well as to obtain the required nozzle performance. As shown in the

aforementioned figures, the coannular jet nozzle consists of the following components

(proceeding from the bottom to the top): transverse jet facility adaptor flange, centerbody, support

flange, centerbody, and coflow nozzle body. The full assembly mounts directly to the top of the

transverse jet facility plenum chamber and is approximately 18 inches wide and 15 inches tall.

The adaptor flange as shown in Figure 3 is an existing transverse jet facility

component which was modified for this application. It is solid steel, 18 inches in diameter and

nearly 2 inches (50.8.mm) thick, designed to facilitate easy mounting of the following

experimental model components atop the transverse jet facility plenum. The main modification

required for its implementation into the new facility was a provision for a 0.5 inch high pressure

line to supply the inner nozzle with helium. This is accomplished with the installation of a

connecting steel tube fitted to the rear flange face inside the plenum and spanning the plenum

pressure chamber. This steel tubing lies in the path of the nozzle coflow high pressure air supply.

However, the flow velocity is low subsonic in this region and far upstream of the coflow sonic

throat and consequently the disturbance of the coflow is minimal.
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The helium flow, in moving through the steel tubing, turnsaroundseveralcorners

which may introduce unwanted vorticity to the flow. Thus an installation of in-line flow

straightener(shownin Figure7) is placeddownstreamof the final bendin the supply line. It is

composedof a sevenholesteelinsert (resemblingahoneycombstructurewhich hasbeenshown

to beaneffectivemeansof breakingup andremovingvorticity from afluid flow) throughwhich

the helium flow must passbefore entering into the inner nozzle. The total area of these

honeycombpassagesis roughly equal to that of the inner nozzle sonic throat and the Mach

number in this region is significantly high aswell. The velocity in this flow staightenerwill,

however,neverreachsonicconditions since thetotal pressurehereis higher than at the inner

nozzlethroatdueto largelossesin total pressurein thiscomponant.Theinsertis locatedin a pipe

fitting whichconnectsthe0.5 inch steeltubingto theentrancepassageof thecenterbody.

On top of this componentis mountedthe support flange shownin Figure 4 which

securesthe centerbody.This is perhapsthe mostcrucial componentfrom a structural strength

standpointin that thecoflow nozzleperformanceis dependentuponthecenteredlocationof the

centerbodywith respectto the innerwall contourof theoutercontour.In orderfor a uniform flow

field to be achieved,aparamountdesigncriterion wasto achieveandmaintainanaxisymmetric

flowfield throughoutthenozzlepassages.The concentricityof thenozzle is determinedby the

structural stiffness of the centerbodynozzle itself andthe supportstrutsof the supportflange

which hold thecenterbodynozzlein place(seeFigure4 andFigure 5). In order to manufacture

this supportflange,threewedge-shapedsectionsof materialareremovedfrom the original solid

component.Thestrutsaretapered to sharp edges at both upstream and downstream ends.

Maximum allowable operating deflections for the inner nozzle contour surface with

respect to those of the outer were imposed in addition to stringent machining tolerencing in order
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to maintain the concentricity of the outer andinner nozzlesduring facility running. It was

hypothesizedthat themostextremenozzleloadingcondition achievableduring facility operation

would resultin a significantmomentbeingappliedto only onesideof the centerjetnozzletip - a

condition which was modeled by the application of a 60 lb. force applied near the tip of a
+

cantilever tube. In order to achieve maximum structural rigidity, key structural components such

as this centerbody as well as the support flange described below are constructed of 15-5 stainless

steel, heat treated to a T4 hardness condition.The centerbody itself is modeled as a pipe of

uniform crossection and thus the maximum permissible length (1) of this rod is determined by

specifying a maximum permissible deflection (5) of this rod under the aforementioned loading

condition of 2.5/1000 inch. Similarly, by estimating the dimensions of a single support strut, the

corresponding deflection (0) at the tip due to the applied load is obtained. Thus the support flange

structure as designed is triple redundant as three of these interconnected support struts are used to

form the support flange. In these equations I is the moment of inertia 2_, W the applied load (force),

E the modulus of elasticity of the component material, and M is the applied couple (force-length).

WI 3 MI

_ -- 3-E/ 0=E/

The internal passage of the centerbody "body" is tapered out to a slightly larger internal diameter

downstream of the portion which slides into the support flange (the critical structural region

requiring additional wall thickness for added strength) in order to match the diameter of the

second piece of the centerbody (the centerbody "head"). Within the internal passage of the

centerbody "head" (approximately three inches in length) is located the contracting flow passage

leading to the centerjet throat. The outer surface of the centerbody, together with the inner surface

of the coflow nozzle outer body form the coflow passage, with its annular sonic throat located at
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themaximumdiameterof thecenterbodyhead,upstreamof centerjetsonicthroat location.

In assemblingthe completeapparatus(shown in Figure 7), the centerbodysupport

flangeis fitted with anO-ringon its lower faceandseatedonto thetransversejet facility adaptor

flange.Nexta secondO-ring is placedon theupperfaceof thecenterbodysupportflangeandthe

coflow nozzle body is seatedonto the support flange. The centerbody is then lowered down

throughtheouternozzleopeninginto placein thesupportflangecollar asshownin Figure6 and

is securedto thesupportflangewhich centersit by a locking nut.

The assemblyis thenalignedthroughtheuseof acircumferentialmicrometerandis

checkedfor concentricitythroughouttheuniform securingof thecomponentsin orderto maintain

amaximumradialvariationof 0.001inch.Thecenterbodynozzleis thenconnectedto theadaptor

flange with a stainlesssteel tubing and the assemblylowered onto the transversejet facility

plenumchamberasone component.After securing the nozzle assemblyand connecting the

heliumsupplyline, pressuretapsandrelevantinstrumentation,assemblyiscomplete.

Provisionsweremadefor attachingtestapparatus.The exterior surfaceof theouter

nozzlewas finishedwith opposedparallel mounting fiats to which the steppermotor assembly

usedto surveythenozzleexit flow wasattached.Alternatively thesesurfacescouldbeutilized to

mountadditionalsupportstructures,opticalequipmentorevenhoistingprovisionsfor movingthe

model itself into place. An extensionconeis secureddirectly to the outer nozzle lip with its

constantinnerdiametermatchedexactlyto thatof thecoflow nozzlemainbody.Longerextension

piecescouldbesubstitutedin thefuture,if required.
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4.0 EXPERIMENTAL METHOD

4.1 TEST FACILITY AND PROCEDURE

The Transverse Jet Facility used to conduct the experimental portions of this test is

located in building 1221C of the NASA Langley Research Center in Hampton, Virginia. This

facility is a resource of the Langley's Hypersonic Airbreathing Propulsion Branch and is shown in

its current configuration (with the coannular nozzle installed) in Figure 8. It is an open jet

blowdown facility based around a high pressure plenum, 3.5 feet (1.167 m) tall and 15.75 inches

(0.400 m) in internal diameter. Atop this plenum chamber is mounted the coannular nozzle which

was designed and fabricated as part of the present experimental work. The plenum chamber which

supplies the test nozzle coflow is fed by a 600 psia (4.14 MPa) supply line of compressed

nominally ambient temperature air. A single "Rigimesh" plate along with four wire mesh screen

is installed in the Transverse Jet Facility plenum chamber to eliminate large acoustical

disturbances and nonuniformities from the plenum chamber air supply (i.e., any swirl or vorticity

which may be present) and produce a minimally distorted air flow at the test model coflow nozzle

entrance. This plate is composed of several layers of fine metal screen material sintered together

and rolled to form a rigid semi-porous plate, resulting in a substantial pressure drop on the order

of 50 psi (345 kPa) during facility operation.

The nozzle centerjet was run utilizing air (used most often due to its essentially

limitless supply) or helium (used sparingly). The facility helium resource is a field of twelve 'K'

bottles linked together in series to produce a combined pressure of up to 2700 psia depending on

bottle size and fill levels (as well as helium temperature) and with a volumetric capacity of
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approximately200 SCFper bottle. At the designoperatingpressure,this helium reservecould

easilybeexhaustedin 3 minutes.In orderto maintainsomemeasureof logistic feasibility several

datasetsmustbecollectedwith onebottle field supply. A minimumof 10 to 20secondsof run

time is required for a single survey in order to establish the helium flow (that is to bring the

heliumsupplyon line andstabilizetheheliumat the requiredpressure).Oncethisprocedurehas

beencarried out the actual dataacquisition may be initiated, a task which typically takesan

additional30-40secondsper pitot survey.This translatesinto a minimum requiredrun time of

around45seconds- amere4 heliumrunsmaybeobtainedfrom afull supplyof heliumbeforethe

entirebottle field mustbe replaced.

In orderto effectively monitor the performanceof theTransverseJetFacility during

its operationit is instrumentedwith pressuretapsin avariety of key locations.Pressuretapsare

placedimmediatelyupstreamanddownstreamof theregimeshlocatedin the facility plenum.The

purposeof these taps is to monitor the plenum pressuredownstreamof the screensand the

pressuredropacrosstheRigimesh.A typeK thermocoupleis usedto monitor thefacility plenum

air temperatureupstreamof the Rigimesh plate and screenassemblydescribedaswell asthe

centerjetsupply line temperatureat its attachmentpoint to the aforementionedadaptorflange

fitting. The model itself has two additional static pressuretaps and one additional type K

thermocoupleusedto monitor normalfacility operationaswell. Oneof thestaticpressuretapsis

locatedat theexit of thenozzlecoflow, just downstreamof thepoint at which theMachnumber

reachesits final value. This value should be that of atmosphericpressureif the pressureis

properlyset.This staticpressuretapis an0.008inch (0.20mm)diameterorifice placed0.5 inches

(12.7mm)from thenozzleexit plane.It is locatedequidistantbetweenthenozzleexit (without the

extensioncapinstalled)andthereflectionpoint of theaforementionedterminatingMachwaveof
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the nozzlecoflow. The secondmodelpressuretapis usedto monitor thecenterjetflow aswell.

This tap is placedjust downstreamof thehoneycombflow straightenerdiscussedpreviously and

is usedto setthe innernozzleoperatingpressure.

Facility operatingconditionswereasfollows. Thenominalstagnationpressureof the

coflow, measuredat the plenum pressuretap, was calculated to be 84.4 psia (582 kPa) by

assumingisentropicflow of acaloricallyperfectgas('/=1.4)to anexit Machnumberof 1.8andan

exit static pressureof 1 atmosphere(101.3kPa).Actual operatingconditions were held in the

range580kPa to 584kPa.Thenominalpressureat thecenterjetpressuretapwascalculatedto be

73.4 psia (506 kPa) for air as the centerjet gasand 90.6 psia (625 kPa) for helium. Actual

operatingpressureswereheld in therange505kPato 507kPafor air and624kPato 626kPafor

helium. It shouldhoweverbenotedthatthis is not the innernozzlestagnationpressuresince the

flow is not at rest but rathermoving at acomparativelylow flow velocity of approximately0.16

Mach.

Thesecalculations,which assumedquasi-1-Disentropicflow of a calorically perfect

gas,firstly requiredspecificationof thecenterjetnozzlethroatarea(from theknowngeometry)to

calculateexit areagiven thedesigngascomposition(3,=1.645)anddesignMachnumber(1.8):

where

y+ 1 T+ I

Athroat _ y- 1 . M2
= .M. 1+--z-

Secondly, the exit Mach number was calculated given this area ratio and the actual centerjet gas

composition (either helium with y=1.667 or air with 7=1.4) using the same equation. Note for

future reference that the calculated exit Mach number was 1.721 for air centerjet gas and 1.807 for
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helium. Thirdly, the Mach number at the centerjet pressure tap was calculated given the area of

the passage just downstream of the static tap (5/8 inch diameter), the throat area, and the gas

composition. Fourthly, the pressure at the centerjet pressure tap was calculated given the Mach

number at the pressure tap, the exit Mach number, the gas composition, and an exit static pressure

of 1 atmosphere (101.3 kPa):

P

Ptap = "fft(Mtap ) " pt

where

-1

and __(P 1+.._,2__. M
Pt

The pressures and temperatures were monitored during facility operation with

National Instruments LABVIEW data acquisition software 22,za for PC, tailored to this particular

experiment and facility. This system was originally developed by J. Quinn 24 for other

experimental projects and was modified for use in the current work. Pressure data were collected

using pressure transducers chosen appropriately for specific operational ranges and calibrated

using the same LABVIEW data acquisition system. The transducers themselves produce voltages

of a few millivolts corresponding to a given range of calibrated pressures. In order then to convert

a voltage to a pressure reading, the transducer is first calibrated by applying a known pressure to
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aleast squaresfit to a linear function is performed.Thesevoltage readingsarecollectedby a

modelAT-MIO-E216E dataacquisitionboardandpassedthroughanAMUX-64T multiplexer

boardwhich repeatedlyscansa givenblock of datachannelsfor voltageslevelsand passesthe

dataon to the LABVIEW computer application. The LABVIEW subroutineresponsible for

collecting,convertingandreporting relevantpressurelevelsscansfrom thedesignatedAMUX -

64Tchannelsat a rateof 2500Hzl Thesecontinuouslyupdatedtransducerpressurereadingsare

subsequentlyconverted to pressurereadings as described above and then reported to the

LABVIEW virtual control panel. It is with this control panel that the facility performance is

monitored"real time" during operation.Thesereadingsare thenwritten to datafiles for post-

processingandanalysis.
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4.2 PITOT SURVEYS

The primary data collection tool employed in this experiment was a pitot probe

specially designed to have high spatial resolution in order to accurately resolve the mixing layer

region between centerjet and coflow. (The mixing layer is a region of steep pitot pressure

gradients, especially near the nozzle exit.) In order to achieve this high resolution, the probe tip

was manufactured utilizing a hypodermic needle 0.010 inches (0.254 mm) in inside diameter

and 0.020 inches (0.508 mm) in outside diameter, which was cut to a length of 0.175 inches

(4.44 mm) and ground square at the ends. This needle was brazed into a hole on the axis of a

machined stainless steel cone which was in turn brazed into a length of standard 1/8 inch (3.18

mm) stainless steel tube. The solid material of the probe lay within a 10 degree semi-vertex

angle cone drawn from the tip, which was sufficiently small to ensure that the shock wave

generated by the probe lay very close to the tip for Mach numbers greater than about 1.05. This

precaution ensures that the probe measures pitot pressure (defined as the total pressure behind a

normal shock) at the location in the flow of the probe tip, as required. One disadvantage of this

small tip diameter is that it can lead to a long probe/connecting-tubing/transducer instrument

response time. This is because, as the probe responds to a change in pitot pressure at the tip,

there is a setting time required until the pressure in the tubing which leads to the pressure

transducer, and in the transducer itself, is in equilibrium with the pressure at the tip. Since the

probe tip is so small, precautions were taken minimize the tubing/transducer internal volume by

making the length of tubing between the pitot probe and the transducer as short as possible and

choosing relatively small internal diameter tubing. The probe response time determines the time

the probe must dwell at each point in the flow at which data is to be taken before this data can be

acquired - if the dwell time is too short the probe does not make an accurate measurement. On
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the other hand, it is important that the dwell time not be too long given the limited helium

supplies and the necessity of obtaining sufficient data points to resolve the steep pitot pressure

gradients in the mixing layer. Thus it was necessary to accurately determine the response time of

the probe. The probe response time was obtained in an experiment in which the pitot probe was

moved rapidly into the centerjet, which was operated at design conditions (but with no coflow),

and a pressure time history was obtained.

As discussed in Section 4.1, all data were acquired using a personal computer running

LABVIEW software. A specialized probe calibration LABVIEW routine was written to

determine the response time of the probe. It collects pressure readings at a specified sample rate

from the probe pressure transducer and these readings are then both displayed to the virtual

control panel as well as written to a data file. The calibration procedure involved triggering said

data acquisition routine and then directing the primary stepper motor to move into the supersonic

jet as rapidly as possible. Minimizing the time which the motor requires to move the probe across

the nozzle mixing layer and into the uniform flow of the nozzle core was crucial since during this

time the pitot pressure level being measured is not constant but rather changing. In order to

minimize the time which the probe tip spends in the mixing layer, the probe is mounted only 3-4

mm above the inner jet exit plane (the first survey plane) where the jet mixing layer is relatively

thin. The probe is traversed from a distance of 0.50 inches (12.7 mm) outside the region of jet

influence into the uniform core of the jet. The motor is accelerated to its traversing velocity

essentially instantaneously (394 inches per second squared) and traverses the prescribed distance

at a velocity of 11.81 inches (300 mm) per second. The period of time which the probe spends in

the shear layer is approximately 0.00667 seconds as it traverses into the supersonic jet. In

contrast, the response time measured by establishing the time required for the probe to move from
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oneconstantpressurevalueoutside the jet to another higher pressure value inside the jet (or vise

versa) is 0.4 seconds as illustrated in Figure 9. The entire traversing motion of the pitot probe into

the jet takes only 0.0434 seconds, an order of magnitude less than the measured probe response

time.

During data acquisition the pitot probe is secured in a slot of an existing probe survey

rake and is shown in its current experimental configuration in Figure 10. The probe rake as well

as much of the stepper motor probe traverse mounting hardware was developed by C. Johnson 25

for an earlier experimental application. This probe rake was designed to accommodate four

survey probes in a stainless steel, two dimensional airfoil-like housing. It was manufactured

with leading and trailing edges tapered to a sharp edge to minimize flow disturbance. Near the

top of the rake are three slots into which small survey probes such as the pitot probe described

above may be secured. Probe interchange is accomplished by removing a flush side panel shape

and feeding the probe pressure tubing (and/or signal wire if required) down though the body of

the probe rake. When the side panel is replaced and tightened the probes are pressed tightly and

centered in the slots inside the rake and secured for use. A fourth probe is permanently affixed to

the probe rake and also protrudes from the rake leading edge. Its purpose in the past was as a

sample collecting probe for gas concentration measurements - however the gas analyzer was not

available at the time of this experiment and hence gas sampling was not employed in the nozzle

surveys. The pitot probe was situated in the first probe slot, the other two slots and the gas

sampling probe remained unused. This entire surveying rake was attached directly to the smaller

of two stepping motor driven translation stages, which was manufactured by Klinger and is

shown in Figure 11. This translation stage traverses more slowly and is hence used not as the

primary sweeping axis but rather to advance the rake to the position of the next survey.
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TheKlinger translationstagemountsdirectly on topof thesecond,largertranslation

stagemanufacturedby Compumotor,which wasin turnsecuredvia amountingbracketand

mountingplateto themodel.Two differentmountingplates,bothoneinch in thicknessand

constructedof aluminumwereusedduringthecompletionof thetestmatrix. Onesuchplatewas

usedto mountthepitot probetip 3-4millimetersfrom thelip of thecenterjet nozzle(which

protrudesbeyondthelip of thecoflowjet nozzleby severalmillimetersif theouterjet exit cone

is removed).In orderto surveythejet at varyingheights,provisionsweremadein thedesignof

thesecondmountingplateto facilitateasomewhatsimplifiedrelocationof theprobetraverse

assembly.Thiswasaccomplishedby machiningverticalslottedbolt holesthroughthemounting

plate.In orderto move thetraversinghardwarefrom oneconfigurationto another,oneneedonly

placealevelingbarof somekind attheassembly'scurrentpositionandrelocatetheassembly

(afterlooseningits securingbolts)by placingaspacingplateof appropriatethicknessbetween

therelocatedassemblyandthelevelingbar.Theassemblyis thenre-securedandfinal alignment

andheightadjustmentis accomplishedthoughtheuseof speciallydesignedalignmenttools

which mountsecurelyatoptheouternozzlelip.

Thealuminumalignmenttoolsdescribedin AppendixA serveboth to verify location

of thepitot probetip agivendistanceabovethe innernozzlelip aswell asto centertheprobetip

over thenozzle itself. In this way theprobeis zeroedwith respectto thenozzlecenterlineeach

time a surveyis takenat anew height.

Using this method of relocating and leveling the probe translation mechanism,

surveyswerecollectedatprobetip heightsrangingfrom 13to 163mm abovetheinnernozzlelip.

Additional survey heightswere achievedby bolting extensionplates to the probe mounting

assemblythusextendingthepotentialsurveyheight to nearly253mm abovethe innernozzlelip
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althoughonly surveys up to 243 mm are included here.

The nozzle was designed and manufactured with great care so as to be axisymmetric,

and thus, it was expected that the coannular flow would also be axisymmetric. This allows data

acquired to be limited to surveys across the diameter of the flow, i.e., from one edge of the coflow

to the other. The existence of symmetry was checked by observing the symmetry (left versus right

side) of these surveys.

The typical survey routine involved using the aforementioned alignment tools to

manually position the probe tip over the center of the jet. Once the probe was positioned (with the

stepper motors powered off) the surveying stepper motor was powered on and an initialization

LABVIEW program was run. In addition, a 'start' command was sent to the stepper motor to

conduct a practice survey of the nozzle exit plane. Following the practice survey's successful

execution the probe was returned to its standby position - 1.25 inches from the centerline of the

nozzle exit plane - in preparation for facility start-up. At this point a second LABVIEW program

specific to the type of probe survey to be taken (either 0.7, 1.1, or 2.5 inches in diameter) was

loaded and run. Once the facility was started, and the inner and outer jet flow conditions allowed

to settle, another 'start' command is given to the motor which immediately moves the probe to the

appropriate starting position for any one of three potential probe survey routines (described

below). The survey is executed over the specified diameter in a given number of steps, and

following the completion of the pitot survey, the probe is returned to its original standby position.

Different survey ranges were performed across the coannular nozzle diameter at

various axial positions above the nozzle exit plane. Surveys of 100 points were collected over

three regions of the flow - the entire coannular jet, the center 0.7 inches (17.78 mm) of the jet and

of the center 1.1 inches (27.94 mm) of the jet with both helium and air as the centerjet gas. The
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0.7 inch surveyallowsahigh densityof pointsoverthe centerjet- aboutonepointevery0.00769

inches(0.195mm) andwasutilized exclusivelyin surveyingtheexit plane.Note thattheoutside

diameterof thepitot probeis 0.020inch (0.508mm) which in essencefixes thespatialresolution

of our measurement.The 1.1 inch (27.94 mm) survey brackets the centerjet at downstream

locationswherethecenterjethasspreadto a somewhatlargerdiameterand makesit possibleto

captureweak shockwavesemanatingfrom the nozzle lips aswell asthe flow featuresof the

centerjetitself in thenearfield.

In addition,400 point surveyswerecollectedof theentirecoannularjet with air asthe

centerjetgas(suppliesof heliumwerelimited) to characterizethedevelopmentof thecoflow and

themixing layerbetweenthecoflow andthe ambientair ratherthanto examinethemixing of the

centerjet.Theyprovidedinformationasto the locationof Machandexpansionwaveswithin the

coflow at thevariousdownstreamlocationsaswell asa detailed(400point) picture of theentire

flow field - approximately160pointsper inch (6.30points permm) or onepoint every0.00625

inches(0.159mm). In thecasesof thefinal two surveyheighthsof 200mmand240rnm,0niy two

different surveys(omitting the0.7 inch survey)weremade.

32



4.3 FOCUSING SCHLIEREN

Flow visualization of the coannular nozzle flow was obtained through the use of a

focusing schlieren system. The system implemented here (shown in Figure 12) is based on the

work of L.Weinstein 26 and was developed by J. Quinn 24. The basic idea behind a schlieren system

is that some of the light emanating from a single finite thickness line source in the case of a

conventional schlieren, or an array of finite thickness line sources in the case of the focusing

schlieren, is deflected as it passes through the flowfield of interest and is blocked by a "knife

edge" (or an array of knife edges if an array of sources is employed) before it reaches the imaging

plane. Thus certain parts of the field through which this light has passed appear darker than others

dependent upon the amount of deflection the rays undergo within the flow field as they encounter

flow structures (such as shock and expansion waves, etc.). Utilizing this technique, variations in

the first derivative of the light path length integral of refractive index are displayed in the field of

view. In contrast, techniques such as shadowgraph display an image corresponding to the second

derivative of the light path length integral of refractive index and interferometry techniques

display fringe patterns whose location may be related directly to the light path length integral of

refractive index zT.

In a flow of constant composition the refractive index n is proportional to the density

as expressed below, where c is the Gladstone-Dale constant, and so the schlieren image may be

taken as a measure of density gradient:

n-1 =cp

For a mixture of chemical species (rather than a pure species for which the above expression

strictly holds), the refractive index is expressed as a weighted sum, as shown below. Here the
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subscripti refersto the ithspeciesandPt is thespeciespartialdensity.

n- 1 = _CiP i

i

In the case of a flow of differing composition such as our mixing flow of helium and air (with

indices of refraction of 1.000036 and 1.0002926 respectively at 273.15 K, 101325 Pa and 589 nm

wavelength light2S), the schlieren image no longer provides a direct measure of density gradient.

However, since (n-l) is much less under these reference conditions for helium than for air (as is

its molecular weight) schlieren still gives a qualitative indication of density gradient.

The first element of the system (shown in Figure 12) is a strobe light source (pulse

length -1 lxsec.). Light from the strobe is passed through a diffuser (actually a pair of Fresnel

lenses) and an array of sources is created as the light emanating from the single light source is

broken into a planar distribution of smaller sources, one from each slit of the source grid. The

light from the source grid passes through the coannular jet (where it is deflected as it encounters

refractive index gradients) and onto the focusing schlieren lens which focuses an image of the

source grid onto the cutoff grid. Light which is passed by the cutoff grid forms an image of the

coannular jet at the image plane. This image is then photographed by the digital camera system. A

diffuser and fresnel lens are located at the image plane, the purpose of the latter being simply to

increase the brightness of the image formed within the digital camera (i.e,. formed by the lens of

the camera at the camera image or detector plane).

The cutoff grid is "shot" by placing a sheet of unexposed film (Kodak Ultratech) at the

location of the image of the source grid formed by the focusing schlieren lens (with the room

lights out, of course). By pulsing the strobe (seven high intensity pulses was found to be the

optimum number) a sharp negative image of the source grid is captured on the now exposed film
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sheet. The exposed film is developed and the developed cutoff grid is replaced in the precise

position in which it was "shot" with the assistance of alignment pin holes punched through the

side of the film sheet. The cutoff grid is a negative of the source grid which may at this time be

offset by a small amount in order to allow part of the light to pass as described above.

A Photometrics Ltd. AT200 digital CCD camera 29 interfacing with a personal

computer through the PMIS software package 3° with a Nikon camera lens of F number 1.8 and a

50mm focal length is used for image collection. The digitized images contain up to 15 bit data

(32,768 gray levels) digitized at 40000 pixels per second. The CCD array itself is composed of a

512x512 pixel field binned 2x2 thus yielding a 256x256 pixel image. The term binning refers to

the combination of charge levels in adjacent pixels. The entire schlieren optical system including

the camera was mounted on a traversing rail system, consisting of a single mounting rail 6 feet in

length, in order to maintain consistent alignment of all components. This rail was secured to a

large vertical axis stepping motor driven translation stage which could be used to remotely

traverse the schlieren system.
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5.0 COMPUTATIONAL ANALYSIS

5.1 AXISYMMETRIC COMPUTATIONAL CODE

The computational code used in this research is one of the SPARK family of reacting

flow solvers 2°. This code has existed in several different forms including 2-D and 3-D versions as

well as its present axisymmetric form - an extension of the 2-D case. It solves the 2-D Navier

Stokes and species conservation equations governing multi-species chemically reacting flows.

The code is extremely versatile and possesses many options as to the computational configuration

in which it is run. SPARK is used to calculate parameters of the centerjet and coflow nozzle flow,

including contours of Mach number and static pressure as well as exit plane profiles of Mach

number, velocity, and pitot pressure. The code also has provisions to specify individual flow

compositions (on a per mass basis) of both the coflow and centerjet fluids.

The code was run in both its viscous and inviscid forms during different stages of the

research. In particular, the inviscid form was used during the initial computations in order to

minimize run times. This version was employed as well during development of other aspects of

the code, namely implementation of a specialized geometry and corresponding grid specification.

Once these issues had been resolved, the f'mal computations were run in the full viscous form. As

the flow to be studied is non-reacting, no kinetic model was utilized.

The temporal integration of the code is second order accurate with an explicit

formulation of the hydrodynamic terms. This includes a time accurate integration option which

was used initially to implement and develop the code. A local time stepping option was chosen to

run the test cases in order to speed convergence. By employing a local time stepping the solution
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was allowed to progress to a steady state solution at the maximum local timestep at each

respectivegridpoint, thusgreatlyspeedingconvergence.Althoughnot employedin this solution,

it should be notedthat the code also hasprovisions for explicit and implicit formulation of

chemicaltemporalintegrationaswell. In addition, severalspatialdiscritization optionsexist as

well including a secondorder MacCormackscheme,a fourth orderGottlieb scheme,a fourth

ordercross-MacCormackanda4th orderviscousMacCormackschemeusedin thecode'spresent

form.

5.2 CODE MODIFICATIONS

Modifications were made to the aforementioned code in order to most efficiently solve

the current computational problem. Several of these modifications involve specializing the code

to the particular geometry and nozzle boundary conditions. SPARK was initially run in a basic

configuration - no turbulence model and 2-D planar as opposed to the actual 2-D axisymmetric

nozzle geometry - to ensure sufficient grid distribution and resolution. A key feature of the code is

its ability to cluster points in both dimensions as required to adequately resolve regions of

particular interest. Such regions in the present case include the boundary layers forming along the

contour walls, the axisymmetric centerline and most importantly both the centerbody nozzle and

coflow nozzle sonic throat regions. The aforementioned flow areas consist of high gradient levels

and hence are burdened with satisfying more strict resolution criteria. In particular, the transonic

throat regions encompass subsonic, sonic and supersonic fluid flow regimes, all of which are

solved over a single computational grid.

As stated previously, the centerjet nozzle is formed by the inner nozzle contour alone
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(generatedasa body of revolution about the nozzle centerline). By invoking the flow symmetry

condition along the nozzle centerline we effectively halve the computational domain (no matter at

this point whether the code is in its 2D planar or 2D axisymmetric configuration). Based on

symmetry conditions, the streamwise 'U' velocity component, temperature and pressure are

extrapolated to the centerline from the adjacent cell while the transverse (radial in the

axisymmetric case) 'V' component is taken to be zero. Along the centerjet nozzle wall the no-slip

condition is imposed, i.e., both the 'U' and 'V' velocity components are set to zero. Viscosity

effects are present in the solution as a boundary layer grows along the physical nozzle contours

resulting from the no-slip condition imposed along the contour surfaces. The same wall

conditions are imposed for both wall surfaces of the coflow nozzle.

For both centerjet and coflow nozzle cases the exit plane outflow boundary is

extrapolated from the two previous lines of grid points using a second order accurate

approximation. Also for both geometries, the subsonic inflow boundary conditions are set by first

specifying total temperature, total pressure and flow angle. The static pressure is calculated from

dp
dx -0

The static temperature is obtained from the expression

T

The Mach number is then determined using

Finally, the streamwise velocity is determined from
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u = ao.M

Similarly, taking 0 to be flow angle (which is set to be zero in the current case), the corresponding

transverse velocity is found from

v = u-tan(0)

The three contours which defined the coflow and centerjet nozzles (the outer, middle

and inner contours) were provided from the design as a series of discrete points. In order to

facilitate the aforementioned clustering of grid points without altering the spacing of the physical

nozzle contour points (or limiting the number of grid points used), the contours themselves need

to be functionally specified. Three IMSL (International Math and Science Library) subroutines

were enlisted to apply cubic splines to the contour points. The first of these three routines -

CSAKM- computes a cubic spline interpolant to a set of data points (the array of surface points).

The routine generates a matrix of cubic polynomial coefficients which is read by two other

computational routines - CSVAL and CSDER - to evaluate the cubic splines and their derivatives

respectively. In this way piecewise polynomials are constructed over the entire length of each

contour which are then evaluated at the computational grid point axial location and return the

corresponding surface point radial location.

Figure 13 and Figure 14 illustrate the final grid spacings of 201X51 used through the

coflow computational domain and the 201X25 employed in the considerably smaller core flow

domain. Gridpoints were clustered in the flow regions of highest gradient as mentioned

previously, including the inner and outer sonic throats in the axial direction as well as the

boundary layer and centerline regions in the radial direction (as shown in Figure 14).
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6.0 RESULTS

6.1 CFD NOZZLE DESIGN VALIDATION

The SPARK two-dimensional axisymmetric Navier-Stokes flow solver was used to carry

out preliminary design validation of the viscous nozzle flow contours discussed previously. The

resulting computational solutions predict excellent nozzle performance when employing these

viscous corrected nozzle profiles. Contour plots of Mach number variation through the nozzle as

well as in the near throat region are shown in Figure 15 and Figure 16, respectively, and contour

plots of pressure are shown in Figure 17 and Figure 18; plots of computations are presented for

the helium centerjet gas case only. The Mach number and pressure can be seen to vary smoothly

through both centerjet and coflow nozzle (with no sign of shock waves) and the nozzles appear to

produce uniform parallel flows at the exit plane. (Recall that the exit plane coincides with the exit

of the centerjet nozzle and lies downstream of the coflow nozzle junction with the extension cone

but upstream of the end of the extension cone.)

Figure 19 and Figure 20 show plots of the centerjet and coflow exit plane Mach number.

The Mach number decreases in the coflow from about 1.815 at a radial position of about 0.016 m

to about 1.77 at 0.008 m. This condition arises due to the truncation of the middle contour (as

discussed in Section 3.1) which results in the region of uniform parallel flow not reaching the

downstream projection of the nozzle middle contour until a position beyond the exit plane. For

radial position greater than about 0.016 m the coflow can be seen to be nearly uniform with a

Mach number of 1.815, a little higher than the design Mach number of 1.8. The Mach number

within the freestream of the centerjet lies between 1.82 and 1.835, again a bit higher than the
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designMachnumber.Part of this discrepancyin the calculationcanbeattributedto the useof

helium in thecenterjetratherthanthegasusedin thenozzledesign(which wasamixtureof 95%

heliumand5% oxygen,with agammaof 1.645ratherthan 1.667).Recall from Section4.1 that

theisentropic,quasi-1-Dcalculationgaveanexit Machnumberof 1.807for helium(alittle higher

thanthedesignvaluebut still lessthanthe CFD calculatedexit Machnumber).Finally, notethat

theMachnumber in the freestreamof thecenterjetis not quite asnearlyuniform asthat in the

coflow atradialpositiongreaterthan0.016m.This maybebecausetheflow enteringthecenterjet

nozzle,while it is low speed,is (turbulent)pipeflow andis thereforenot irrotationalasassumed

in thedesigncalculations.

In comparingthe computationalexit profiles calculatedby the SPARK Navier-Stokes

flow solverin thevicinity of thenozzlewallswith theboundarylayerprofilescalculatedutilizing

theHarris boundarylayer code,discrepanciesareevident(asseenin Figure 21,Figure22, and

Figure23). In general,theprofilesdeterminedby the SPARKcodein the vicinitiesof thenozzle

walls aremore full than thosedeterminedby theHarris code,seeminglyindicating anelevated

effect of viscosityin the SPARK code(or reducedeffect in the Harris code)but moreprobably

stemmingfrom insufficient grid resolutionin theSPARKcode.Currently thereis aboutonegrid

point within the viscoussublayerin theSPARK computations,at leastan orderof magnitude

fewer points thanthe numberplacedwithin this region in the Harris codecomputation.Recall

however,that thepurposeof the SPARKcalculationswasto validatethe designcalculationsfor

the free stream flow, for which accurate calculations of the boundary layer were deemed

unnecessary.Theexisting grid point resolution thereforestrikesa reasonablebalancebetween

adequateresolutionof the flow field asa whole andreasonablecomputerrun times.However,

Navier-Stokes calculations of the nozzle flows should be run in the future which do accurately
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resolvetheboundarylayersincethesewill be required to provide the initial conditions for future

calculations of the coannular jet flow (remember that the boundary layers on the nozzle inner and

middle contours at the exit plane provide the inflow condition to the mixing layer between

centerjet and coflow).

Finally, Figure 24 is included to illustrate the nature of the coannular flow being produced

in the He / air configuration. Despite the matched Mach numbers between the two jets, a large

mismatch in flow velocity is evident due primarily to the difference in molecular weights between

the two gases (4.00 for helium as compared to 28.97 for air). It is the jets' velocities (or more

correctly, the velocity difference between them) that drives the growth of the mixing layer.
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6.2 SCHLIEREN IMAGES

Focusing schlieren images of the coannular jet flows are shown in Figures 25a and b.

These images are each composites of four separate instantaneous overlapping images acquired at

different heights above the nozzle exit plane at different times and later merged together. (Thus,

the composite image may possibly give an incorrect impression of the perio'd and repeatability of

the large, coherent structures of the jet mixing layers or centerjet plume.) The image on the left

(Figure 25a) is for the centerjet composed of air and the image on the right (Figure 25b) is for the

centerjet composed of helium, but at nominally the same conditions of gas total temperature and

jet exit pressure. Notice that the images are approximately antisymmetric about the axial

centerline (dark and light regions are interchanged). This antisymmetry occurs because the

schlieren source and cutoff grids are oriented vertically so as to be sensitive to horizontal

gradients in density, and horizontal gradients in density are themselves antisymmetric about the

axial centedine.

Consider first the case in which the centerjet gas is air (Figure 25a). Since the centerjet and

coflow have the same composition and roughly the same Mach number at the exit plane, the exit

velocities are nearly the same also. Since significant mixing requires a difference in velocity, this

results in minimal mixing between the centerjet and coflow and in minimal spreading of the

centerjet as a whole. The mixing which does occur, at least in the near field of the nozzle exit,

occurs as a result of the wake of the centerbody lip, which in turn is influenced by the boundary

layers on the inner and middle contour surfaces and the thickness of the lip at the nozzle exit

plane. The mixing layer between coflow and stagnant surrounding air is initially thin but grows

until at some point downstream it begins to influence the centerjet flow. In the downstream (top)

part of the image the centerjet appears to become less distinct and its edges more irregular - this
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mayin part bedueto thefact that thecenterjetis viewedthroughthecoflow sothatthe imageof

thecenterjet region is also influenced by (instantaneous)horizontal density gradients in the

coflow shearlayer.

Consider now the case in which the centerjet gas is helium (Figure 25b). As was

highlighted in Figure 24 (which showedthe velocity distribution alonga radius), the velocity

differencebetweenthecenterjetandthecoflow is very largewith theheliumcenterjet.This leads

to a much more rapid spreadof the centerjet into the coflow than wasobservedwith air. A

quantitativediscussionof mixing layer andplumegrowth ratesobtainedboth from theseimages

and from the pitot surveyswill be presentedin Section 6.3. Notice also that the much more

distinct or "solid" appearanceof the helium centerjet in Figure 25b ascompared to the air

centerjet in Figure 25a, which appears"washed out". This difference in appearanceoccurs

becausetherefractive index of the helium is low in relation to that of air, which leadsto larger

horizontalgradientsin refractiveindexin going fromthecoflow (which is air) into thecenterjetin

thecasewherethe centerjetis helium.Also, thereappearsto be little structure(shockwavesor

turbulent eddies)within the centerjet in the helium case,unlike with the air centerjet. This

differencealso occursbecauseof the low refractive index of thehelium. For example,oblique

shockwavespropagating through the centerjet which produce a given pressurechangewill

produceamuchsmallerrefractiveindexchangeif thecenterjetis helium thanif thecenterjetis air

(recall that refractive index of a given gas is proportional to its density, which in turn is

proportionalto pressure),andthuswill bemuch lessvisible.

Examiningthe schlierenimagesof Figure 25moreclosely we areableto makeout the

systemof waves(weakobliqueshockwavesor expansionfans)present.Moving radially inward

from theouter edgeof the coflow at the nozzle exit, the first set of waves encountered(only
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faintly visible) emanate from the lip of the extension cone and occur as a result of the

discontinuity in surface boundary condition there. The next outermost set of waves appear to

originate from the seam where the coflow nozzle and the extension cone join (which in these

images is not visible, obscured by the extension cone itself). A set of waves emanating from the

same position is also visible in the close up schlieren images, which are shown in Figure 26 and

Figure 27 (seemingly emanating from the lower corners of both images). These images were

obtained with the coflow nozzle extension cone removed and afford an unobstructed view of the

centerjet in the vicinity of the nozzle lip. The next set of waves encountered originate at the lip of

the centerjet nozzle and may be seen more clearly in both Figure 26 and Figure 27. In these

images the presence of the boundary layer on the walls of the centerbody nozzle can be clearly

discerned as well as the merging of these boundary layers with the nozzle lip wake.

The flow physics which produce this wave structures emanating from the nozzle lip are

illustrated in the cartoon of Figure 28. It can seen to be not a simple case of nozzle over- or

underexpansion but rather a result of the finite thickness of the centerjet lip. Expansion waves

result as the flows turn the corners created by the finite thickness nozzle lip and oblique shocks

emanate from the compression comers formed as the two flows merge and are turned back to their

original direction. The duplicity of these flow structures is evident again in the schlieren images

of Figure 26 and Figure 27. The seemingly abrupt variation in refractive index (and thus density)

across a single one of these flow structures emanating from the nozzle lip (illustrated in

Figure 28) indicate the presence of not one but two discrete and very different flow

discontinuities.
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6.3 PITOT PROBE SURVEYS

A complete series of pitot surveys to a maximum survey height of 243 millimeters above

the centerjet nozzle exit are shown in Figure 29 through Figure 41. The results are presented in

such a manner as to bring out several key aspects of the collected data sets. Plots are overlaid to

demonstrate the repeatability of the nozzle contour surveys. In all cases - 400 point air surveys as

well as various 100 point abbreviated surveys of both helium and air - identical behavior is shown

at a particular survey height. (Obviously the detail in flow structure was improved with increased

survey point density.) In addition, the symmetry of all surveys - both helium and air- about the

nozzle centerline should also be noted (which justifies the acquisition of data along only a single

diameter of the flow).

At the first survey location proceeding downstream, 3-4 mm from the centerjet

nozzle exit plane, the pitot profiles distinctly show the coflow region, the wake of the

centerbody (regions of low pitot pressure between the coflow and centerjet), and the centerjet.

The pitot pressure is nearly uniform in the coflow whereas sharp positive and negative spikes

can be observed in the centerjet and at the outer edge of the centerbody wake. These spikes can

be attributed to the expansion waves and oblique shock waves emanating from the centerbody

lip at the exit plane (see Figures 26 and 28). The pitot pressure is higher in the centerjet with

helium than with air, as is expected based on isentropic, quasi-1-D calculations of the flow in

the nozzle (see Section 4.1 and also upcoming discussions in relation to Figure 44). At the 13

mm and downstream heights various waves in the coflow region, previously discussed in

connection with the schlieren images, can be observed in the pitot surveys as positive and

negative spikes in an otherwise flat profile. The mixing layer between the jet and the coflow

grows in width while the pitot pressure defect in the mixing layer falls. The growth is more
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rapid with helium in the centerjet, so that by between 123 and 143 rrlrn the mixing layer has

completely eliminated the core (presumably pure centerjet gas) region of the centerjet.

Downstream of this point (the plume region) the pitot pressure at the jet axis falls rapidly. With

air in the centerjet the core is probably still present at the most downstream station (243 mm). A

negative spike in pitot pressure is observed on the axis of the centerjet at the 13 mm location

(both helium and air cases) which tends to decrease in amplitude going downstream. It is

believed that this spike is a result of the inward-propagating shock generated at the centerbody

lip which focuses as it approaches the axis and turns normal at the axis itself. (A normal shock

produces a much larger entropy rise and total pressure drop than a weak oblique shock.) Figures

42 and 43 are, respectively, compilations of all the 400 point air surveys and all the 100 point

helium surveys, spaced according to their relative streamwise position to give a "perspective"

view of the overall development of the two flow fields.

A comparison between the pitot profiles at the 3-4 mm downstream location with

the CFD calculation of the flow at the nozzle exit plane (which had helium as the centerjet gas)

is given in Figure 44. The pitot profiles are a sufficient distance downstream of the exit plane

that the waves emanating from the centerbody lip have nearly reached the axis of the jet,

resulting in the previously described spikes in the pitot pressure. However, the overall level of

pitot pressure is roughly 13% too high in the experiment, which cannot be explained by the

presence of these waves. The explanation appears simply to be that the centerjet total pressure

was set (roughly 13%) higher than was intended. Recall that the total pressure was set by setting

the pressure measured at the centerjet pressure tap to a value calculated to produce a nozzle exit

pressure of 1 atmosphere. This calculation assumed uniform flow in the 5/8 inch intemal

passage in the centerbody, upstream of the centerjet nozzle throat, and isentropic quasi-l-D
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flow. In fact,asseenin Figure7, thecenterjetpressuretapwaslocatedjust downstreamof the

"flow straightener",whichconsistedof aplug into whichsevenholesof diameter0.125inches

hadbeendrilled (seeAppendixA). Significantpressurerecoverytookplacedownstreamof this

plug(andthepressuretap)asthe(multiple) high(subsonic)speedjetsdischargingfrom theplug

spreadto uniformly fill the5/8 inch diameterpassage.This explanationhasbeenverified in

experimentalwork performedsubsequentto thework describedin this thesis,by S.Doerner.In

thiswork the"flow straightener"wasreplacedby apair of wire meshscreensinstalledin line

with the5/8 inch pipeandwhichproducedlittle pressurerisedownstream.Settingthecenterjet

pressuretap(nowjust downstreamof the screens)to thecalculatedvalueresultedin pitot

pressureprofilesmuchcloserto (within 1%of) thecalculation.Theunfortunateconsequenceof

this"high" valueof totalpressurein thepresentwork is thatthecenterjetexit (static)pressureis

roughly 13%greaterthanthestaticpressurein thecoflow (which is oneatmosphere).This leads

to strongerexpansionwavesandobliqueshockwavesemanatingfrom thecenterbodyexit lip

thanwould havebeenthecaseif theexit pressurehadbeenmatched.(Recallthatonegoal in the

designof theexperimentwasto minimize thestrengthof suchwavestructures.)

In orderto makea meaningfulcomparisonof theresultsobtainedin this experimental

researchwith previouswork,mixing layerandplumegrowthratesareestimated.As in thecaseof

theCFDresultspresentedearlier,only thoseresultscollectedin theheliumcenterjetexperimental

casesareanalysedin this way. Two separatepitot pressurereferencelevels, representativeof

typical coflow or centerjetvalues,arechosen.Datum levelsarechosenat 95% of thereference

pressurelevelsandasillustratedin Figure45 andFigure46 theintersectionsof thesedatumlevels

with nozzlepitot pressureprofiles areobtained.The magnitudeof the radial locationsof these

intersectingpoints,which aremeasuresof the locationof theedgeof themixing layerbetweenthe
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centerjetandthecoflow or (furtherdownstream)theedgeof thecenterjetplume,areplotted asa

function of axial distancein Figure47. A nonlinearmixing layer growth region in thenearfield

(composedof thefirst 4-5heights)is seento exhibit comparativelyslowergrowthratethanthose

stations located further downstream.Also presentedhere is a plot of the magnitude of the

differencein radial locationbetweenthe inner and outeredgesof the centerjet/coflowmixing

layer, which is seento increasewith downstreamlocation asexpected.The magnitudeof the

radial locations of the edgeof the mixing layer or plumeat eachside of the axis of the jet is

averagedandtheresult is plottedin Figure48.Themagnitudeof thedifferencein radial location

betweentheinner andouteredgeof themixing layer aresimilarly averagedandplotted.Linear

curvefits of bothof thesedatasetsarecalculatedandplottedin this figure.Also shownin Figure

48 is a straight line which is obtained from the helium focusing schlieren image shown in

Figure 25b. Straight lines are drawn by "eye" which bound (intersect tangentially the outer

turbulentflow structuresof) thecenterjetin theschlierenimage,andtheradiusof thecenterjetat

any given axial distanceis takenasthe width measuredhorizontally by between theselines,

divided by two. Good agreementis found between the line obtained from schlieren flow

visualizationandthedataobtainedfrom thepitot surveys.

In a 2-D (planar)mixing layerwith zerostreamwisepressuregradient,fully turbulentand

startingfrom zerothicknessit isexpectedthatthegrowthrateof themixing layerwouldbe linear

(seee.g. Ref. 3). However, in the presentcase,due to the influence of the boundary layers

generatedon thecenterbodyandthe finite thicknessof the lip, the mixing layer doesnot start

from zerothickness.Furthermore,asthe mixing layer grows to a thicknessno longer small in

relation to the radius of the centerjet, it becomesno longer 2-D planar in character. Not

withstanding these difficulties, the straight line fit to the mixing layer thickness data shown in
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Figure48appearsreasonable.

In thepreviouswork mixing layer growthhasbeencharacterizedby a normalizedgrowth

rate.Thegrowth rateof amixing layer (or jet) is definedasthechangein mixing layer width (or

jet radius)with respectto x location (the slopes of the plots in Figure 48). The normalized growth

rate is defined as the experimental (compressible flow) growth rate normalized by an

incompressible growth rate a which is calculated assuming identical velocity and density ratio

using incompressible flow data correlations:

d5

d_) I - ?j" lincompressible

_'X [incompres'sible

The convective Mach number is defined as the relative convection speed of the large scale

structures in the shear layer to one of the free streams, normalized by speed of sound of this

stream. This convection speed of large scale disturbances within the shear layer itself is computed

using the expressionn'7:

U C

U + lp_ 2" U2 /

in which p, and u are respectively the local density and velocity values in the coflow (subscript 1)

or the centerjet (subscript 2). The resulting expressions for convective Mach number are:

(U c- Ul) (U 2- Uc)

Mc 1 - a l and Mc 2 - a2

where a is the speed of sound.
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Theincompressiblegrowthrateis givenascomputedfrom theexpressionS'7:

_'incompressible = 0.17.

1+_11 "

The quantifies u 1, u 2, Pl, P2 were calculated assuming isentropic, quasi- 1D flow in the two

nozzles (centerjet and coflow) and calorically perfect gases. Mcl and Mc2 were calculated from

these to be 0.787 and 0.859, respectively, for the helium centerjet case. Similarly, _'incompressible

Was found to be 0.186.

The following equation is a 2-D correlation fit by Dimotakis to several of the

"benchmark" jet growth rate data sets referenced in the literature, including that of Clemens and

Mungal 1" as well as Paparnoushou and Roshkd, both referenced previously:

5' (-3. M_
= 0.2 + 0.8- e

_'incompressible

The general trend captured by this expression illustrates clearly that convective Mach number

need not be very large for compressibility effects to be significant and that this growth rate tends

to a value of about 0.2 as convective Mach number increases. Normalized growth rates for our

data are plotted alongside the Dimotakis 9 curve for 2-D data in Figure 49. The mixing layer

growth rate results agree well with the curve of Dimotakis, while the plume growth data fall

lower. However, it should not be expected that the plume growth rate data would agree

particularly well with the correlation of Dimotakis since the fundamental flow types differ (plume

verses 2-D mixing layer) and the data have been normalized to an incompressible growth rate

correlation valid only for 2-D mixing layers.
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7.0 SUMMARY

Due to the extreme difficulty and expense associated with experimental scramjet engine

testing, the development of computational tools capable of accurately predicting the flows in

these engines is of great interest. An experiment is undertaken for the purpose of generating data

in a simple axisymmetric, coannular, supersonic jet flow suitable for the validation of such codes.

Experimental results include jet flow pitot pressure surveys and focusing schlieren images,

however much of the thesis is concerned with the design and manufacture of the model. The

experiment was mn with pure air or pure helium in the centerjet, although the centerjet nozzle was

designed for 95% He, 5% 02 to facilitate non-intrusive (laser based) diagnostics. The SPARK

two-dimensional axisymmetric Navier-Stokes flow solver was used to carry out preliminary

design validation of the nozzle contours. The results of the calculations - used for later validation

of experimental results- show a uniform exit plane flow, free of nonuniformities and disturbances.

Little or no shear exists between the centerjet and coflow for the air centerjet case. In the

helium case however, the centerjet and coflow constituents are significantly different, resulting in

a convective Mach number M c =0.82. The experimental nozzle flow was assumed to be

axisymmetric; thus surveys were taken across the entire jet (through its centerline), from one edge

of the coflow to the other, in order to exploit this inherent flow feature. This was subsequently

investigated by comparing the symmetry of resulting exit jet profiles about the survey center.

It was found that the centerjet exit pressure was not matched to atmosphere and thus did

not produce perfectly expanded exit flow as was intended, yielding stronger expansion and shock

waves at the centerjet exit than anticipated. As seen by comparison of the centerjet He/air CFD

exit profile and the experimental He/air exit plane survey profile, the overall level of pitot
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pressure is higher (roughly 13%) in the experiment than was interided. This discrepancy cannot be

explained by the presence of the weak oblique shocks observed emanating from the centerbody

and coflow nozzle lips, but rather is attributed to a pressure rise occurring downstream of the flow

straightener (and of the static pressure tap which monitored the centerjet supply gas pressure).

The unfortunate consequence of this "high" value of total pressure is that the centerjet exit (static)

pressure is greater than the static pressure in the coflow (1 atmosphere), generating stronger

expansion waves and oblique shock waves emanating from the centerbody exit lip than would

have been the case if the exit pressure had been matched.

Examining closely the schlieren images of the dissimilar He/air and air/air cases, we are

able to make out the system of flow discontinuities present. The schlieren data are quantified by

defining the slope of the edge of the jet. In order to meaningfully compare this flow visualization

data with the pitot pressure surveys, mixing layer and centerjet growth rates are estimated. Datum

levels are chosen at 95% of the reference pressure ratio levels and the intersections of these datum

levels with a nozzle pitot pressure profiles at each survey station are recorded. Very good

agreement is found between the averaged jet spreading data (obtained via the pitot pressure

surveys) and that observed from schlieren flow visualization. The magnitude of the difference in

radial location between the inner and outer edges of the centerjet/coflow mixing layer is seen to

increase with downstream location from this data. A marked increase in spreading angle of the

centerjet within the coflow can be observed in the far field, just as is to be expected on the basis of

previous research conducted with similar experimental configurations. At the same downstream

location the He jet appears to spread to an apparent diameter 50% greater than its air jet

counterpart.

Comparison of these results with those obtained in previous experimental research is made
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by establishingtwo separatereferencepitot pressureratio levels,representativeof typical coflow

or centerjetvalues.The nearfield spreadingrateresultsagreewell with prior findings,while the

far field andschlierendatafall a bit lower. As the aforementionedexisting datais intendedto

representonly normalizedgrowth ratesfor mixing layers(andnot jets or plumes),theseresults

areto beexpected.
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8.0 APPENDIX A - MANUFACTURING DETAILS

The following Appendix presents the manufacturing and assembly details (and

associated engineering drawings) of the test model not previously presented in the main text. The

first of these, the adaptor flange shown in Figure 3 and Figure 50, is an existing transverse jet

facility component which was modified for this application by adding a provision for a 0.5 inch

(12.7 mm) high pressure line to supply the inner nozzle with helium. This modification entailed

the drilling of a 0.5 hole radially into the flange sidewall which intersects at a right angle with a

second passage drilled from the rear face of the flange though half of its thickness. This forms a

0.5 inch 90 degree elbow passage though the flange, the ends of which are pipe threaded to accept

NPT fittings. The helium supply line is attached to the side wall flange fitting which is in turn

connected to the centerbody with a steel tube fitted to the rear flange face inside the plenum and

spanning the plenum pressure chamber, thus completing the helium supply line connection. The

in-line flow straightener (composed of a seven hole steel insert as shown in Figure 7 and Figure

51) is placed downstream of the final bend in the supply line in order to remove unwanted

vorticity to the flow.

The support flange shown in Figure 4 and Figure 52 is constructed of a 15-5 stainless

steel, heat treated 935 °F (791 °K) to take the metal from a "zero" to a T4 hardness condition. This

stock (initially acquired in its "zero" condition - essentially the raw form of a given aluminum

alloy prior to the application of any heat treatment procedure) was first milled into a circular plate

of 11.5 inches (292 mm) in diameter, the fiats and spickets milled in order to provide a precision

machined surface on which to locate the high pressure O-ring seals, and clearance holes drilled

for the high strength bolts which secure it as well as the centerbody which is inserted through the
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centerhub of this flange and secured on the flange rear face by a locking nut. The three support

struts which hold the centerbody in place (when secured in the aforementioned collar) are then cut

out using a wire EDM (or electron discharge machining) process. The EDM process involves the

removal of material by applying an extremely high voltage charge which is localized about an

electrode. The electrode (composed of graphite) essentially cuts though the material by

vaporizing it. This method is extremely well suited to several of our specialized machining

requirements. A key attribute is the various forms which an EDM electrode may be employed

such as many specialized surface geometries, wires or drills. With this procedure three crescent

shaped passages are carved from the support flange, with the material which remains forming the

support struts. These are the passages through which the air coflow passes while keeping the

support struts themselves intact. The three struts are then rough tapered at the leading and trailing

edge with a counterboring drill. The complex nature of this particular geometry prohibits the use

of conventional machining techniques, thus EDM is again used to create the struts" tapered

corners and sharpened edges. This is accomplished by plunging the graphite EDM electrode down

along the walls of the support flange internal passages until it contacts the corners of the strut

leading or trailing edges.

As mentioned above, the centerbody nozzle component shown in Figure 5 and Figure

53 is also fabricated of 15-5 stainless steel (which is heat treated before beginning the machining

process). Because of the complex nature of the inner nozzle flow passage as well as the degree of

machining precision required of the inner nozzle contour itself (in order to obtain the desired flow

quality), the nozzle was machined in two pieces and joined in a brazing process at a later time.

The longer of the two pieces (approximately 7 inches, 178 mm in length), called the centerbody

"body", possessed however the less complex of the two internal geometries. The centerbody
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nozzle flow passagediameter is determined by the wall thickness in the region required to

maintainthe stipulatedstiffnessduringnozzleoperation.This endis alsooutfitted appropriately

soasto matesecurelyto theheliumsupply line fitting aswell asto accommodatea locking nut

with whichtheinnernozzleis securedto thesupportflange.

Theinternalpassageof thecenterbodybody is taperedout to a slightly larger internal

diameterdownstreamof the portion which slides into the support flange (the critical areaof

material strength) in order to matchthe diameterof the secondpieceof the centerbody (the

centerbody "head"). The end of the body is machined to mate precisely to the headwith

provisions made for the brazing procedure which the finished component, will undergo

(consistingof two circumferentialtroughsinto which a copperbraising wire is place). After the

finishedpiecesareassembledwith thebrazingwire in placetheywill bevacuumbrazedto 2050

°F. In thebrazingprocess,copperfilamentsliquefy andflow from troughsto coverthe interfacing

to form a continuousmetal to metaljunction. The finished componentis nearly asstrongasa

solid componentof like dimensionandthe methodof joining allows alignment accuracyto be

determinedpurelyby machiningtolerancesof thetwo matingcomponents.

The outer surface of the centerbody head is rough machined to within a few

thousandthsof its final shapebeforetheaforementionedbrazing.Recallthatit is this outersurface

which formsthemiddlecontourfor thecoflow nozzleandrequireseverybit asmuchprecisionas

doestheinnercontourfor thecenterjetnozzle.Forthis reason,themiddlecontouris machinedto

its final dimensionwith onecontinuousmachiningcut oncethepieceshavebeenjoined. This

assuresthe absenceof seamsand/or surface nonuniformities.The headof the centerbody

(approximatelythreeinchesin length)critical to theoverall performanceof thecenterjetnozzle

from a fluid dynamic standpoint.The entire compressionand subsequentexpansionprocess
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which the centerjetundergoesin transitioning to supersonicflow occursover this three inch

length.An array of drills are used to form the approximate interior flow passage diameter. The

nozzle is turned on a lathe from the exit inwards using a specially designed tungsten carbide tool

to reach inside the nozzle behind the throat minimum when the nozzle begins to expand to the

inner passage diameter. The nozzle is then turned with the tool extending from the other end and

the seam between the two bores is exactly matched and finished.

Near the sonic throats both the core and coflow nozzle surfaces are finished to 16 due

to the sensitivity of the flows to perturbations in this region Over most regions however, a less

stringent 32 finish was specified with all brazes and seams polished to the point of being

indistinguishable from the machined contour surfaces. The finish quality (of 16 or 32 as stated

above) refers to the average surface roughness in microinches (the roughness profile's average

deviation from the graphical centerline31).

The materials used for the coflow nozzle main body, shown in Figure 6 and Figure 54

was drawn from a stock of somewhat aged 2014 aluminum was located in NASA stores which

was authenticated with x-ray composition analysis and tested for composition and hardness. As

this stock was also acquired in the "zero" condition, the ingot underwent a somewhat extensive

conditioning regimen in order to take it from a T4 to a T6 hardness level - the maximum level of

aluminum heat treatment. During the heat treatment process carbon deposited throughout a given

metal specimen is drawn to the surface and it is this concentrated carbon deposit which accounts

for the hardening effect and provides a hardened surface for precision machining processes.

In order to extend the coflow nozzle outer contour an outer nozzle exit cone was

manufactured to mate to the alignment rim of the outer nozzle exit lip seen in Figure 6 and also

detailed in Figure 55. This 2025 aluminum extension cone is secured directly to the outer nozzle
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lip with its constantinnerdiarnetei"matchedexactlyto thatof theeoflow nozzlemainbody.This

pieceis externally taperedto provide a smoothmergingof the entrainedambient air and the

coflow jet at thenozzleexit.

As describedin Section3.2,thesebasiccoannularjet nozzlecomponents(proceeding

from thetopto thebottom):transversefacility adaptorflange,nozzleadaptorandsupportflange,

centerbody,andcoflow nozzlebody, areassembledasillustratedin Figure 56 aswell asshown

previouslyin Figure4 throughFigure7.

The aluminum alignmenttools describedin section4.2 were machined in various

heightincrementsrangingfrom 10to 80millimetersasshownin Figure 57.Theyconsistof acap

which fits snuglyatoptheouternozzlelip alignmentrim, andseveral1 inch diameteraluminum

dowel rods: 10,20,40, and80 mm in length. If thesepiecesarestackedthe maximum survey

heightof 240mm (aswell asall otherrelevantsurveyheights)canbeobtained.

59



9.0 APPENDIX B - Uncertainty Analysis

1. UNCERTAINTY ANALYSIS: LOWER PLENUM PRESSURE MEASUREMENT

DEVICE: PRESSURE TRANSDUCER, OUTPUT RANGE=0-200PSIA (1378.6 kPa)

ERROR SOURCES: PRECISION(S) BIAS(B)

DRUCK CALIBRATION ERROR: 0.42 kPa

DATA ACQUISITION ERROR:

-NON-LINEARITY

-HYSTERESIS

-REPEATABILITY

16.30 kPa

DATA RECORDING: 0.02 kPa 0.34 kPa

ROOT SUM SQUARE OF DATA SOURCES 16.30 kPa 0.34 kPa

EXPERIMENTAL UNCERTAINTY, U=(B+t95S ) = 2.39% FULL SCALE

2: UNCERTAINTY ANALYSIS: UPPER PLENUM PRESSURE MEASUREMENT

DEVICE: PRESSURE TRANSDUCER, OUTPUT RANGE=0-100 PSIA (689.3 kPa)

ERROR TYPE:

DRUCK CALIBRATION ERROR:

DATA ACQUISITION ERROR:

-NON-LINEARITY -

-HYSTERESIS -

-REPEATABILITY-

PRECISION(S) BIAS(B)

0.21 kPa

3.31 kPa

DATA RECORDING: 0.01 kPa 0.16 kPa

ROOT SUM SQUARE OF DATA SOURCES 3.32 kPa 0.16 kPa

EXPERIMENTAL UNCERTAINTY, U=(B+t9sS ) -0.99% FULL SCALE,
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3: UNCERTAINTY ANALYSIS: HELIUM STATIC PRESSURE MEASUREMENT

DEVICE: PRESSURE TRANSDUCER, OUTPUT RANGE--0-100PSIA (689.3 kPa)

ERROR TYPE: PRECISION(S) BIAS(B)

DRUCK CALIBRATION ERROR: 0.21 kPa

DATA ACQUISITION ERROR: 2.43 kPa

-NON-LINEARITY -

-HYSTERESIS -

-REPEATABILITY-

DATA RECORDING: 0.01 kPa 0.14 kPa

ROOT SUM SQUARE OF DATA SOURCES 2.44 kPa 0.14 kPa

EXPERIMENTAL UNCERTAINTY, U=(B+t95S) = 0.73 % FULL SCALE

4:

ERROR TYPE:

DRUCK CALIBRATION ERROR:

DATA ACQUISITION ERROR:
-NON-LINEARITY -

-HYSTERESIS -

-REPEATABILITY-

UNCERTAINTY ANALYSIS: PITOT PROBE PRESSURE MEASUREMENT

DEVICE: PRESSURE TRANSDUCER, OUTPUT RANGE=0-100PSIA (689.3 kPa)

PRECISION(S) BIAS(B)

0.21 kPa

3.72 kPa

DATA RECORDING: 0.01 kPa 0.11 kPa

ROOT SUM SQUARE OF DATA SOURCES 3.73 kPa 0.11 kPa

EXPERIMENTAL UNCERTAINTY, U=(B+t95S) = 1.10% FULL SCALE
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5: UNCERTAINTY ANALYSIS: NOZZLE STATIC PRESSURE MEASUREMENT

DEVICE: PRESSURE TRANSDUCER, OUTPUT RANGE---O-25PSIA (172.3 kPa)

ERROR TYPE: PRECISION(S) BIAS(B)

DRUCK CALIBRATION ERROR: 0.05 kPa

DATA ACQUISITION ERROR:

-NON-LINEARITY

-HYSTERESIS

-REPEATABILITY

2.13 kPa

DATA RECORDING: 0.002 kPa 0.04 kPa

ROOT SUM SQUARE OF DATA SOURCES 2.14 kPa 0.04 kPa

EXPERIMENTAL UNCERTAINTY, U=0B+t95S ) =2.51% FULL SCALE

6: UNCERTAINTY ANALYSIS: NOZZLE TEMPERATURE MEASUREMENTS

DEVICE: TYPE T THERMOCOUPLE

ERROR TYPE:

CALIBRATION SYSTEM ERROR:

LAB THERMOMETER ERROR

COLD JUNCTION SENSOR

DATA RECORDING:

ROOT SUM SQUARE OF DATA SOURCES

PRECISION(S) BIAS(B)

1.10 K 0.28 K

1.0K 0.13K

0.13 K 0.39 K

1.49 K 0.49 K

EXPERIMENTAL UNCERTAINTY, U=(B+t95S) = 3.41 K
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Figure 3:Transverse Jet Facility Adaptor Flange

Figure 4:Centerbody Support Flange
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Figure 5:Centerbody Secured in Support Flange

Figure 6:Coflow Nozzle Body Mounted and Centered
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Figure ll:Probe Translation Mechanism Installed on Model
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Figure 16:CFD Mach Contour Calculation - Air / He
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a) M=l.8 Air coflow - Air centerjet b)M=l.8 Air coflow - He centerjet

Figure 25:Focusing Schlieren Images Comparing Air and Helium Centerjet Flows
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Figure 26:Focusing Schlieren Image in Vicinity of Air Centerjet Nozzle Exit

Figure 27:Focusing Schlieren Image in Vicinity of Helium Centerjet Nozzle Exit
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COAXIAL NOZZLE
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Figure 50:Transverse Jet Facility Adaptor
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